Background: Few effective treatments for disseminated Aspergillus infections in dogs are available. Posaconazole has potent and broad-spectrum activity against Aspergillus spp., but its use has not yet been sufficiently evaluated in dogs.
F ungi of the genus Aspergillus are ubiquitous in the environment and can cause disease in both animals and humans. The sinonasal form of disease in dogs is most common, with disseminated and primary bronchopulmonary forms occurring rarely. 1 Aspergillus terreus and Aspergillus deflectus are the most common species in patients with disseminated disease, 1 and associated pathology often involves several tissues, such as the kidneys, intervertebral discs, bones, and central nervous system. 2 Few effective drugs currently are available for treating disseminated Aspergillus infections in dogs, and the prognosis typically is poor. 1 Many of the available medications are prohibitively expensive or are available only for parenteral administration. Amphotericin B (AMB) was shown to be ineffective in murine and in vitro experimental models of disseminated A. terreus infection. [3] [4] [5] Longterm clinical remission was achieved by administration of itraconazole PO in 4 dogs 6 but similar success has not been achieved in recent case reports. [7] [8] [9] [10] Voriconazole, a newer azole derivative, has been used with success in human patients with invasive aspergillosis, but the drug is very expensive. 11 Terbinafine and caspofungin are nonazole antifungal drugs that have been used alone or in combination with other therapies to treat resistant strains of Aspergillus in people. [12] [13] [14] Terbinafine and caspofungin have been used empirically in dogs, but additional studies are required to determine their efficacy. 2, [14] [15] [16] Posaconazole, a lipophilic triazole antifungal agent structurally similar to itraconazole, has potent and broad-spectrum activity against Aspergillus and other fungi. 5, 17 Posaconazole has been approved by the Food and Drug Administration for the prevention of invasive Aspergillus infection in humans. 18 This drug, as do other triazoles, inhibits lanosterol-14-alpha-demethylase, a fungal enzyme necessary for ergosterol formation and maintenance of cell membrane permeability. 19 Posaconazole is active in vitro and in vivo, and was the most effective of the azoles tested, inhibiting 94% of Aspergillus spp. isolates at a minimum inhibitory concentration (MIC) ≤1. 17, 20, 21 Clinical experience with posaconazole in humans with systemic aspergillosis has been promising, and 75% of patients in a recent study had complete or partial clinical response after 8 weeks of posaconazole treatment. [21] [22] [23] Administering the oral suspension with food in divided daily doses achieves maximum bioavailability in people [24] [25] [26] and dogs. 27 When given PO to dogs, the serum drug concentrations were dose-proportional and accumulated with multiple dosing. 5, 27 Serum concentrations above the MIC were observed 24 hours after a single PO dose of 10 mg/kg. 5, 28 Reported adverse events associated with posaconazole are rare, and the drug appears to be well-tolerated in dogs and people. 17, 27, [29] [30] [31] Less than 1% of the parent compound is eliminated by renal excretion, and metabolism mainly is by glucuronidation. Therefore, dose adjustments are not necessary with renal impairment.
32
Posaconazole is highly protein-bound and has a large volume of distribution, which indicates extensive extravascular distribution and intracellular penetration, 17, 28 including penetration of the blood-brain barrier. 5 Hepatotoxicity can occur, but resultant hepatic dysfunction is rare. 17, 18, 29, 32 The primary objective of our study was to determine the safety and efficacy of posaconazole for the treatment of naturally occurring disseminated Aspergillus infections in dogs.
Materials and Methods

Dogs
Client-owned dogs with disseminated aspergillosis were recruited for the study using the American College of Veterinary Internal Medicine list serve and through referral to the University of Tennessee Veterinary Medical Center (UTVMC) from June 2008 to June 2011. A total of 10 dogs were treated with posaconazole.
Inclusion Criteria
Inclusion criteria for entry into the study were a confirmed diagnosis of disseminated aspergillosis by a culture from tissue, urine, or lesion aspirates. Dogs with disseminated aspergillosis that had received or currently were receiving antifungal treatment were included. The University of Tennessee Institutional Animal Care and Use Committee (IACUC), protocol number 1742-0608, approved all procedures before commencement of the study, and informed consent was obtained from owners of enrolled dogs.
Study Design
The design was a nonrandomized noncontrolled prospective study. Data for the study were obtained from the primary care veterinarian or from the veterinary specialist treating the dogs. Two patients were treated at the UTVMC.
Posaconazole Treatment
Dogs in the study received an oral suspension of posaconazole a (40 mg/mL) at 5 mg/kg PO q12h with food. The posaconazole was dispensed to the owners free of charge but any other costs associated with diagnostic testing and treatment were not covered by the study. Treatment with posaconazole was to continue for 1 month after a negative urine culture. Patients then were to be monitored for relapse for at least 1 year after the completion of treatment. Patients that relapsed after discontinuation of posaconazole could receive more drug at the discretion of the principal investigator (AML).
Posaconazole Treatment Monitoring
Dogs were evaluated monthly during the posaconazole treatment, and owners were instructed to notify the attending veterinarian if their dog was anorexic, vomiting, or if they had any other concerns. In addition to physical examination, a CBC, serum biochemical profile, and urinalysis were to be done monthly to monitor liver enzyme activities as well as to identify any other potential adverse effects of the posaconazole. Increase in serum alkaline phosphatase (ALP) activity was classified as mild Owners kept daily logs to ensure compliance with drug administration and to monitor for possible adverse effects of posaconazole. These logs included a record of the time of drug administration, as well as appetite, level of fatigue, vomiting, diarrhea, and increased or decreased frequency of urination. These logs were submitted to the veterinarian treating the dog on a monthly basis.
Clinical Data
At study inclusion, physical examination, CBC, biochemical profile, urinalysis (including sediment to examine for fungal hyphae), fungal culture from urine or a lesion aspirate, and a full ophthalmic examination were required. Throughout the treatment period, repeated physical examination, CBC, biochemistry and urinalysis testing were repeated monthly, and again at 2 months after treatment cessation. A urine fungal culture was repeated at the 3-month evaluation and before discontinuation of treatment. At the discretion of the treating veterinarian, additional diagnostic tests including thoracic radiographs, ultrasonographic examination of the kidneys, radiographs of lesion(s) or some combinations of these were repeated at monthly intervals or as indicated by the specific aspects of each individual case. After completion of posaconazole treatment, re-evaluations were continued monthly for 3 months, and then every other month for at least 1 year.
At each visit, physical examination findings were documented on a standardized form. Repeat diagnostic testing was performed either in-house or at an external laboratory chosen at the discretion of the treating veterinarian. Samples for serum Aspergillus galactomannan antigen assay (GMA) index tests b,c and serum posaconazole concentrations d were collected whenever possible, and were batched for later analysis at completion of the study.
For this report, clinical records obtained from the UTVMC or referring veterinarian were retrospectively reviewed. Clinical data extracted from each case included signalment, history and prior treatment, physical examination findings, clinicopathologic and diagnostic imaging findings, fungal culture results, and the presence of any concurrent conditions. For analysis of response to treatment, the duration and clinical response to treatment were evaluated, as well as evidence of relapse during the treatment period or after cessation of treatment. Results of GMA testing and posaconazole concentration also were evaluated whenever available.
Treatment Data
The treatment response while the dogs were currently receiving posaconazole was categorized as clinical remission, clinical improvement, or treatment failure. Clinical remission was defined as elimination of clinical signs during treatment resulting in a clinically normal dog. Clinical improvement was defined as improvement without resolution of clinical signs during treatment. Treatment failure was defined as no improvement of clinical signs at any stage of treatment. Patients also were assigned a relapse category (yes/no). Relapse was defined as recurrence of clinical signs at any time during or after cessation of treatment with posaconazole. Survival time was defined as the time from initiation of treatment until death, euthanasia, or loss of follow-up.
Adverse events while being treated with posaconazole were documented based on owner logs and assessments by the attending veterinarian. Clinical signs were not considered to be adverse events of the medication if they were present before entry into the study, and if no clinically relevant changes in these signs occurred during the course of treatment. Abnormal biochemical variables that were present at the beginning of the study were not considered adverse events if they did not change substantially during the course of treatment.
Results
Signalment and Clinical Findings
Ten dogs with disseminated aspergillosis were treated. German Shepherd Dogs (GSDs) were most common (6), with the remaining dogs consisting of mixed breed (1), Viszla (1), Newfoundland (1), and Giant Schnauzer (1). Ages of the dogs ranged from 1 to 7 years (mean, 5.8 years). Duration of clinical signs before entrance in the study ranged from 2 months to 2 years. There were 7 spayed females and 3 neutered males.
Physical examination findings at the time of enrollment included back pain, pelvic limb ataxia, or both (5), decreased appetite, weight loss, or both (5), lethargy (3), gastrointestinal signs (vomiting, diarrhea, or both) (3), lameness in ≥1 limb (3), polyuria, polydipsia or both (2), anterior uveitis (2), vestibular signs (2), skin lesions (1), lower urinary tract signs (1), and peripheral lymphadenopathy (1). Seven dogs previously had been treated with ≥1 antifungal drug, including itraconazole (6), terbinafine (2), and voriconazole (1). Three dogs had not received any prior antifungal treatment before enrollment into the study. None of the dogs were receiving immunosuppressive drugs before entry or during the study.
Diagnostic Findings
Diagnostic imaging findings and biochemical abnormalities at the time of enrollment were dependent upon site(s) of disease involvement. Common diagnostic imaging findings included urinary tract involvement with or without evidence of pyelonephritis (10), diskospondylitis (7), abdominal lymph node enlargement (4), splenic nodules or abnormal splenic architecture or size (3), osteomyelitis (2), and pulmonary involvement (2) . Abnormalities on CBC included nonregenerative anemia (2), leukocytosis (4), neutrophilia (4), monocytosis (3), eosinophilia (3), and thrombocytopenia (1). Biochemical profile abnormalities included hyperglobulinemia (4), hypoalbuminemia (3), azotemia (3), increased ALP activity (2), increased AST activity (1), increased ALT activity (1), hyperbilirubinemia (1), increased CK activity (1), hyperphosphatemia (1), and hypokalemia (1). Urinalysis abnormalities included isosthenuria or hyposthenuria (7), hematuria, pyuria or both (5), and fungal hyphae noted on urinary sediment examination (4).
Confirmation of disseminated aspergillosis was obtained by cultures of urine (6), a spinal mass (1), fluid from a cystic renal mass (1), histopathology of an enucleated eye (1), and fungal hyphae noted on fine needle aspirate of a peripheral lymph node (1). Aspergillus terreus was the most commonly cultured organism (5), with Aspergillus fumigatus (1) and Aspergillus versicolor (1) also isolated. In 3 dogs, the species of Aspergillus was not identified.
Response to Posaconazole Treatment
All dogs experienced at least partial responses to posaconazole treatment, with 4 dogs achieving clinical remission, and 6 dogs achieving clinical improvement. There were no treatment failures. Average treatment time for all dogs was 7.25 months (range 1.5-15 months). Mean survival time for 9 of the 10 dogs was 241 days (range 44-516 days). One dog was still alive at the time of manuscript submission >5 years after starting treatment, and was not included in mean survival time calculation because it was considered an extreme outlier. Median survival time for these 9 dogs was 215 days.
Of the 4 dogs that experienced clinical remission during treatment, 2 dogs relapsed after treatment was discontinued, 1 dog did not relapse, and 1 dog was lost to follow-up during treatment. All of these dogs were GSDs. The dog that did not relapse is the dog that was alive at time of writing. This dog was treated concurrently with terbinafine at a dosage of 15 mg/kg PO q12h and posaconazole for 15 months, along with amoxicillin-clavulanic acid for the final 10 months of treatment. A secondary bacterial component was suspected to be a contributing factor because bacterial urine cultures were positive for Escherichia coli on 2 occasions. One dog was lost to follow-up after 150 days of treatment. The 2 remaining dogs relapsed at 188 and 42 days after posaconazole was discontinued, and eventually were euthanized. The mean survival time for this group of dogs (excluding the outlier) was 383 days (range 150-516 days), and average treatment time was 11 months (range 5-15 months). At 1 year after starting treatment, 3 of these dogs were alive.
Of the 6 dogs with clinical improvement while on posaconazole, 3 dogs relapsed after treatment was discontinued, and 3 dogs relapsed during treatment. Two of these dogs were GSDs. One dog initially was treated for 5 months and then relapsed 42 days after posaconazole was discontinued. This dog then was treated for 8 additional months, but was eventually euthanized because of deteriorating condition while still on treatment. Two other dogs experienced relapse shortly after treatment was discontinued. One of these dogs was restarted on posaconazole, but eventually was euthanized because of worsening of clinical signs after 2 additional months of treatment. The remaining dog died 35 days after completing 5 months of posaconazole treatment; necropsy identified severe retroperitoneal hemorrhage found in association with a fungal granuloma in 1 kidney. The remaining 3 dogs relapsed after an initial period of clinical improvement, and died or were euthanized because of progressive disease while still on treatment. The mean survival time for this group of dogs was 171 days (range 44-432 days), and the average treatment time was 4.75 months (range 1.5-13 months). One dog was alive 1 year after starting treatment.
Overall, 4 of the 10 dogs experienced long-term survival (>1 year). All of these dogs were GSDs. The mean survival time for dogs living >1 year was 477 days (range 432-516 days), not including the dog that survived >5 years. These dogs were treated with posaconazole for an extended period of time (10-15 months The second set of data was from a dog that experienced clinical remission, but relapsed after treatment was discontinued. The results were positive at all time points. The 30-day posaconazole concentrations for these dogs were 3.88 and 3.41 lg/mL, respectively.
Adverse Events seen with Posaconazole
There were no clinically relevant adverse events noted in any dog while receiving posaconazole. Reported clinical findings noted by owners while dogs were receiving posaconazole were vomiting, diarrhea, or both (3), polyuria, polydipsia, or both (3), and decreased appetite (3) . The only noted changes in liver enzyme activity were mild increases in ALT activity (2) . Other documented hematologic and biochemical changes included mild thrombocytopenia of 92,300/lL (1), and mild, selflimiting leukopenia of 3,500/lL and neutropenia of 1,470/lL (1). None of the reported clinical signs or biochemical variables required discontinuation or alteration of the dose during the course of treatment.
Discussion
Based on our small study, posaconazole appears to be safe and well-tolerated for the treatment of disseminated Aspergillus infections in dogs. Long-term (>1 year) survival was achieved with prolonged treatment in 4 dogs, but relapse was common. No clinically relevant adverse events occurred in association with treatment other than mild increases in ALT activity in 2 dogs.
Despite favorable clinical responses to posaconazole, most dogs died or were euthanized because of recurrence of clinical signs before or after the posaconazole was discontinued. Therefore, despite appearing to have achieved clinical remission or clinical improvement infection was not entirely eliminated in most dogs. Reasons for this outcome are likely to be multifactorial, but may relate to the following: high prevalence of urinary tract involvement, single agent antifungal treatment in most cases, inadequate treatment duration, lack of objective measures to determine when discontinuation of treatment was appropriate, host immune factors, and ineffective posaconazole concentrations at required sites.
In our study, all 10 dogs had some form of urinary tract involvement, which may have been a factor in the reported treatment outcomes. Urinary tract involvement, specifically pyelonephritis, is common in dogs with disseminated aspergillosis. 2 Studies in humans have indicated that posaconazole does not concentrate as an active metabolite in the urine, but appears to produce adequate tissue concentrations in the renal parenchyma. 33 Therefore, urinary tract involvement outside the renal parynchema may be difficult to cure because of inadequate concentration of active metabolite in the renal pelvis.
The dog that survived >5 years received a combination of posaconazole, terbinafine, and amoxillicinclavulanic acid, experienced clinical remission during treatment, was a GSD, and did not relapse at any point. Whether this dog had a less severe form of disease, did better because treatment was continued long term, or if combination treatment was more effective, is unknown. No other dogs in this study received combination treatment during the course of posaconazole treatment. Terbinafine has been shown to have potent in vitro activity against several species of Aspergillus, including A. terreus. [34] [35] [36] Terbinafine has fungicidal effects, 35 and may be synergistic when given in combination with posaconazole or other azoles, because the drugs have complementary targets within fungal cells. 36 The duration of treatment required to eliminate the organism in dogs with disseminated aspergillosis could not be determined from the results of this study. As evidenced by the high rate of relapse during and after discontinuation of treatment, it is unlikely that the organism was eliminated in the majority of dogs in our study. It is likely that cure is not possible without an effective immune response. The innate immune system plays a primary role in defense against Aspergillus infections. 37 German shepherd dogs with aspergillosis are commonly reported in the veterinary literature, a finding that was previously attributed to a defect in mucosal immunity. [38] [39] [40] Recent research in human medicine has identified a correlation between a mutation in the gene for Toll-like receptor-4 to the risk of invasive aspergillosis in immunocompromised people. 37, 41, 42 Interestingly, in our study, the dog that lived longest and all of the dogs that lived >1 year were GSDs. Based on our study and previous studies of disseminated aspergillosis, recurrence of clinical signs, re-infection with the same or different species of fungus or both are common once antifungal drugs have been discontinued. [6] [7] [8] 43 It therefore may be beneficial to continue treatment long term, as long as the patient is adequately responding to and tolerating medical treatment, because an effective immune response may be lacking.
No objective measures are available to determine when treatment can reasonably be discontinued in dogs with disseminated aspergillosis. Urine Blastomyces antigen testing has been shown to be highly specific for clinical relapse of blastomycosis in dogs, and currently is used when treatment discontinuation is being considered. 44 The Aspergillus GMA enzyme-linked immunosorbent assay in serum and urine was both sensitive and specific in the adjunctive diagnosis of disseminated aspergillosis in dogs when a cut-off GMA index of ≥1.5 was used. 45 In our study, a negative urine culture was used as an objective indicator to guide discontinuation of treatment. However, this diagnostic test may not be the best objective assessment of remission of disease. In 1 study, urine cultures were only positive in 52% of dogs with disseminated aspergillosis, and it is unknown how a negative urine culture correlates with clinical remission. 2 Serum samples were available from 2 dogs for serial follow-up GMA index measurements. The first dog lived >5 years and essentially was cured; the data correspond well with the dog's excellent clinical response. The second dog had positive GMA index results at every time point, despite experiencing clinical remission during treatment. The latter dog experienced relapse after the drug was discontinued, whereas the former did not. In humans with systemic aspergillosis, decreasing GMA index results have been shown to correlate with improved survival. 46 , 47 The value of the Aspergillus GMA index to objectively assess treatment response cannot be determined from 2 dogs, and therefore warrants further investigation. Measurements of serum posaconazole concentrations in 2 dogs were >3 lg/mL at the 30-day time point. The threshold posaconazole concentration associated with clinical efficacy in dogs or humans currently is unknown. 48 However, evidence from human medicine suggests that plasma drug concentration monitoring may play an important role in optimizing the efficacy of posaconazole in people with or at risk for invasive aspergillosis.
11 In 1 study of invasive aspergillosis, improved efficacy of the drug occurred with higher plasma posaconazole concentrations, with a median concentration of 1.25 lg/mL in patients with the best response rates. 49 One dog in our study was culture-positive for A. fumigatus. This species typically is associated with sinonasal disease in dogs. 50 The species that were identified in our study were based on laboratory reports. Morphologic identification methods are known to have potential inaccuracies regarding species identification, which could explain the report of A. fumigatus in this case. 51 Recent advances in mycology have improved the ability of laboratories to more accurately identify various species of Aspergillus and other fungi. 52 Limitations of this study include the small number of cases, the lack of complete follow-up data and imaging studies for all dogs, reliance mainly on clinical signs and urine culture to guide treatment decisions, and the fact that several different clinicians treated the dogs. Only the posaconazole was free for the owners, and financial constraints may have been an important factor precluding ideal follow-up imaging and other tests to more objectively determine response to treatment for all dogs. Posaconazole currently is an expensive drug; the current cost for treating a large breed dog is approximately $100 USD per day. The cost is expected to decrease when the patent for the drug expires. Despite these limitations, clinically relevant conclusions can be drawn from the results.
In conclusion, our study indicates that posaconazole administered at a dosage of 5 mg/kg PO q12h appears to be safe for prolonged treatment of disseminated Aspergillus infections in dogs. Survival times of >1 year with good quality of life were documented in 4 dogs, including 1 dog with a survival time of >5 years that was treated concurrently with terbinafine. Unfortunately, relapse was a common occurrence, and most dogs died or were euthanized because of progressive disease either during the course of treatment or in the follow-up period. Posaconazole should be considered as an option for treatment of disseminated aspergillosis in dogs. Additional prospective studies are warranted to corroborate and expand upon these findings. Future studies also are indicated to determine whether Aspergillus GMA results can be used to assess treatment response, clinical relapse, or cure in dogs with disseminated aspergillosis and whether combination treatment of posaconazole with terbinafine may be more effective for long-term control of disease. 
